Recently, it has been shown that during preheating the entropy modes circulating in the loops, which correspond to the inflaton decay products, meaningfully modify the cosmological correlation functions at superhorizon scales. In this paper, we determine the significance of the same effect when reheating occurs in the perturbative regime. In a typical two scalar field model, the magnitude of the loop corrections are shown to depend on several parameters like the background inflaton amplitude in the beginning of reheating, the inflaton decay rate and the inflaton mass. Although the loop contributions turn out to be small as compared to the preheating case, they still come out larger than the loop effects during inflation.
I. INTRODUCTION
According to inflation, the basic cosmological observables are mainly fixed by the tree level quantum field theory amplitudes. Obviously, to have a complete understanding of the inflationary predictions one must determine the loop corrections [1] or explore possible nonperturbative effects [2, 3] . It turns out that loop effects during inflation become small [4] . Besides, in single field models the curvature perturbation ζ is shown to be conserved at superhorizon scales to all loop orders [5, 6] (see also [7] ). Although the loop amplitudes are plagued by IR divergences and a careful treatment is needed to extract the physical observables (see e.g. [8] [9] [10] [11] [12] ), the loop corrections during inflation are most likely negligible, at least in single scalar field models (see also [13] [14] [15] [16] [17] [18] for some other work on loop effects in de Sitter space).
On the other hand, it has been shown in [19, 20] that the loop effects during preheating can significantly modify the cosmological correlation functions at superhorizon scales. This somehow surprising result holds due to (i) the presence of the entropy perturbations (ii) nonlinearities and (iii) exponential growth of the preheating mode functions. It is known that the superhorizon conservation of the curvature perturbation ζ breaks down in the presence of entropy perturbations (see e.g. [21] ). One may think that the entropy modes produced by the inflaton decay during preheating cannot affect the superhorizon modes since they have in general short wavelengths characterized by the instability bands. However, the nonlinearities introduced by the interactions give rise to mode-mode coupling and consequently the Fourier modes do not evolve independently. This allows short scale entropy modes to affect the long wavelength adiabatic modes. Furthermore, the mode functions of the preheating scalar corresponding to the inflaton decay are subject to exponential growth [22] [23] [24] [25] . Thus, quantum corrections having these modes circulating in the loops are greatly enhanced.
The possibility that the superhorizon metric perturbations are modified during preheating has been pointed out in [26] [27] [28] , but that scenario turned out to be working only for the massless preheating scalar models [29] [30] [31] because of the suppression of the massive mode functions during inflation [32] [33] [34] . This earlier discussion has been mainly carried out at the linearized level and it is shown in [19, 20] that the suppression of the massive mode functions during inflation are compensated in the loop integrals during preheating. As we will see below, the same happens for the perturbative reheating, which avoids the suppression problem pointed out in [32] [33] [34] .
In this paper, we would like to determine the contributions of the entropy mode loops to the scalar and the tensor power spectra during perturbative reheating, where the decay of the inflaton can be described as the slow particle creation by the oscillating inflaton background. These corrections are expected to be smaller as compared to the preheating case since the corresponding energy scale is much lower and the mode functions do not grow exponentially. Nevertheless, the decay process takes a lot longer, which would strengthen the effect according to the in-in perturbation theory as we will point out in section IV. In any case, we find that the corrections are generically very small compared to preheating but they are still significantly larger than the loop corrections during inflation.
The plan of the paper is as follows: In the next section we introduce the model containing two scalar fields, the inflaton φ and the reheating scalar χ, and we specify the background evolution. Then, following [35] , the fluctuations of the χ-field are identified as the entropy perturbations. In section III, we determine the linearized mode functions in the gauge ζ = 0 and study the χ-particle creation effects in detail from the Bogoliubov coefficients. In section IV, we determine the cubic interactions involving two χ-fields and use the in-in perturbation theory to calculate the one-loop corrections to the scalar and the tensor power spectra when the χ-modes are circulating in the loops. We also elaborate on the regularization and the renormalization of the loop contributions. In section V, we conclude by summarizing our results and pointing out future directions.
II. THE MODEL AND THE BACKGROUND
We consider a two scalar field model containing the inflaton φ and the reheating scalar χ. The χ-field does not play a role during inflation and it is mainly responsible for the inflaton decay and reheating. The scalars are minimally coupled to gravity and as usual the dynamics of the system is governed by the Einstein-Hilbert action, which can be written in the ADM from as
where N and N i are the standard lapse and shift functions of the metric
is the derivative operator of h ij and
Here, the reduced planck mass is defined as M −2 p = 8πG. After inflation, φ is assumed to be oscillating about its minimum, thus the potential during reheating can be taken as
where m andm are the corresponding masses and σ characterizes the inflaton decay rate by the cubic interaction. The cubic interaction term, which is responsible for the inflaton decay, will be treated perturbatively and therefore it is enough to have a local stable vacuum around φ = χ = 0. The background of χ vanishes until the created χ-particles start affecting the background evolution. As it is well known, the inflaton oscillations can be characterized by an average equation of state P = 0 (one has ρ = −P and ρ = P forφ = 0 and φ = 0, respectively). We assume m ≫ H and in that case the background fields can be determined as
We define t i and t f to denote the beginning of reheating and the end of the stage after which the backreaction effects become important (in the next section we fix t f in terms of other parameters). Therefore, the background solution (6) is valid in the interval (t i , t f ). The background Friedmann equation
and thus Φ i denotes the initial value of the inflaton in the beginning of reheating, which can be smoothly matched to the inflationary stage. Note that (9) is consistent with (8) since mt ≫ 1. The value of Φ i , which we take as an input parameter, depends on the inflationary stage and our assumption m ≫ H implies Φ i ≪ M p . As we will discuss in the next section, the perturbative reheating process can be viewed as φ-particles of mass m decaying into doublets of χ-particles with energies m/2. We will assume that m ≫m so that the mass of the χ-field is negligible in the whole decay process. It turns out that (see the next section) for the perturbative regime to be valid, the parameters must obey
Since Φ i ≪ M p , the second condition is more restrictive and it implies the first one. When (10) is satisfied, it is possible to calculate the Bogoliubov coefficients corresponding to the χ-particle creation on the background (6) . Using these Bogoliubov coefficients, one may find that the backreaction starts when the inflaton amplitude reduces to (see the next section)
The corresponding time t f can be determined from (8) . Assuming that the χ-particles are thermalized instantaneously at t f , the reheating temperature can be found as
This is exactly the reheating temperature in the perturbative regime with the decay rate Γ = σ 2 /m that corresponds to the cubic interaction in (5) .
As discussed in [35] , in a two field model like the one considered in this paper, the adiabatic field Σ and the entropy perturbation δs can be defined asΣ
From (6), one sees that Σ = φ and δs = δχ, thus δφ and δχ become the adiabatic and the entropy perturbations, respectively.
III. THE LINEARIZED MODES
Let us now consider the evolution of the cosmological perturbations in this model. As usual, the scalar and the tensor fluctuations can be parametrized as
Note that χ now denotes the fluctuation field since the corresponding background value vanishes. The gauge freedom of the infinitesimal coordinate transformations are completely fixed by imposing
For convenience, we prefer to set ζ = 0 since ζ becomes an ill defined variable during reheating, i.e. it blows up at timesφ = 0 and these spikes must be smoothed out as discussed in [20] . To first order in fluctuations, the lapse and the shift can be solved as [36] 
where
Since we will only deal with the cubic interaction terms, it is enough to determine N and N i to first order [36] . Using these solutions, it is a straightforward exercise to obtain the following quadratic actions:
For quantization, one may introduce the ladder operators as
where s = 1, 2, the polarization tensor ǫ s ij obeys
and the creation-annihilation operators satisfy the usual relations, e.g.
The linearized mode equations are given byφ
For the canonical commutation relations to hold, the mode functions must obey the Wronskian conditions
Naturally, deep inside the horizon during inflation the Bunch-Davies vacua are chosen for each field and this choice fixes the mode functions uniquely.
For the modes ϕ k and γ k , we only need the superhorizon evolution. Neglecting k 2 /a 2 terms in (23), it is an easy exercise to obtain the two linearly independent solutions for ϕ k and γ k as
k , c k and d k are constants and
Using (6), f and g can be solved approximately as
Although f diverges whenφ = 0, the productφf , which actually appears in (25) , is well defined. Substituting (25) in (24), the Wronskian conditions can be seen to imply
In (25), while ζ
give the "constant" modes, the others correspond to the decaying pieces as the corresponding functions have 1/a 3 factors in (27) . The scalar and the tensor power spectra in the momentum space, i.e. P ϕ k and P γ k , can be defined from the two point functions in the position space as follows
where the polarization tensor Π ijkl is given by
Note that one has Π ijkl Π klmn = 2Π ijmn . Using (25) in (29), the standard tree level results can be obtained as
While P ϕ(0) k (t) is nearly constant during inflation, it starts oscillating during reheating. Note also that ζ
k corresponds to the constant superhorizon curvature perturbation.
Our aim is to calculate the 1-loop corrections to (32) by the χ-modes circulating in the loops during reheating. For this, the evolution of χ k must be determined in detail. It is important to recognize that due to the cubic coupling in (5), χ becomes effectively a massive field even form = 0. Moreover, the momenta of the modes corresponding to the inflaton decay are of the order of k phys ≃ m/2 ≫ H. Thus, the modes of interest evolve adiabatically during inflation and up to a constant phase the initial value of the corresponding mode functions in the beginning of reheating can be found as
As noted in [32] [33] [34] , the scale factors in (33) suppress the modes by the factor e −3N/2 during inflation, where N is the number of e-folds. As we will see in the next section, the scale factors, which are arising from the Hamiltonians and from the loop momentum integrals, have just enough powers to cancel the suppression in a loop correction.
To determine the evolution of χ k during reheating, we write it in the WKB form as
Note
For the modes satsifying ω k ≫ H, which is the case of interest for us, the initial conditions can be fixed from (33) as
The evolution of the modes is now uniquely determined by (36) . The Wronskian condition (24) for χ k implies |α k | 2 − |β k | 2 = 1, which is preserved by the equations of motion (36) . In this model, reheating occurs by the particle creation due to the oscillating inflaton background φ that appears in (35) . This process is slow and thus can be treated perturbatively if |α k | ≃ 1 and |β k | ≪ 1. In that case, β k can be calculated by applying the stationary phase approximation as discussed in [37] (see also [38] ). Assuming β k ≪ 1, (36) can be solved iteratively by using the initial condition (37) . The first order solution 1 is given by
For ω k ≫ H, the phase e iθ k (t ′ ) oscillates very rapidly in time t ′ . Furthermore, from (35) and (6) one findṡ
where in the second lineΦ ∼ HΦ is neglected compared to mΦ since m ≫ H. Using (39) in (38), one sees that the first and the third terms still give highly oscillating integrands that are negligible. On the other hand, the phase of the second term is given by mt ′ − 2θ k (t ′ ), which is stationary at time t k defined by the relation 2ω k (t k ) = m. Since we take m 2 ≫ σΦ i , see (10) , and we assume m ≫m, the time t k can be fixed as
For a given k, β k (t) is vanishingly small for t < t k . For t > t k , the integral in (38) can be evaluated using the stationary phase approximation. From the second time derivative of mt ′ − 2θ k (t ′ ) evaluated at t k , one sees that the approximation is applicable ifω k (t k )/H 2 ≫ 1. To satisfy this condition for all times, we require m 2 ≫ σM p , which is the second condition stated in (10) . After these considerations, it is easy to employ the stationary phase approximation that yields
where we have used 6 1/4 π/2 ≃ 2. For this whole process to be consistent, one must have |β k | ≪ 1 and from (41) this gives the first condition in (10).
The above solution can be thought to describe the decay of the inflaton with mass m to two χ-particles with momenta m/2 as fixed by (40) [37, 38] . From the standard interpretation of the Bogoliubov coefficients, |β k | 2 /(2π)
The backreaction effects start when this energy density catches up the background inflaton energy density. The corresponding time t f can be found from the condition
To simplify the formulas below, we assume that for all momenta in the decay range one has
For this last condition to hold Φ i should not be too large. Indeed, to satisfy (44) for all times in the interval (t i , t f ) and for all momenta in the decay range m/2 < k < a(t f )m/2 one must take
Under this assumption, using (41) and (44) in (42) one sees that
From (43), the value of the inflaton amplitude Φ f just before the backreaction sets in can be found as in (11) . As noted above, the corresponding time t f can be determined from (8) .
In evaluating the loop corrections numerically, we will use the following set for the parameters of the model
In the chaotic m 2 φ 2 model, the inflaton mass is fixed as in (47) by the amplitude of the scalar metric perturbations and we use the same value for convenience. Note that (47) obeys the second condition in (10) . From (11) one also finds
The reheating temperature is fixed by (12) as T r ≃ 10 −11 M p and the corresponding Hubble parameter can be found as H(t f ) ≡ H f = 10 −22 M p . On the other hand, using (47) in (45) gives Φ i < 10 −4 M p . Together with this condition, (44) is satisfied for the numerical set (47). As a result, in our estimates below we choose
Using (8), the corresponding value of the initial Hubble parameter can be found as H i ≡ H(t i ) ≃ 10 −10 M p .
IV. LOOP CORRECTIONS TO COSMOLOGICAL CORRELATIONS
In this section, we calculate the 1-loop corrections to the scalar and the tensor power spectra that arise by the χ-modes circulating in the loops. As shown in [1] , the vacuum expectation value of a given operator O can be determined order by order using the in-in formalism as
where H I is the interaction Hamiltonian in the interaction picture. As we will see below, for the loop corrections of our interest (50) reduces to the time integrals of the χ k -mode functions. During preheating, these mode functions exponentially grow that makes the loop corrections meaningfully large [19, 20] . In perturbative reheating, the mode functions do not enlarge but the process takes a lot longer giving larger integration ranges for the quantum corrections in (50). Thus, one would expect an enhancement for non-oscillating integrands (as we will see, in the present model this expectation is only partially fulfilled since the integrands become oscillatory). By expanding the full action (1), one may obtain the cubic interactions that involve two χ-fields as
The last term containing the graviton γ ij modifies the tensor power spectrum. Other interactions are relevant for the scalar power spectrum and we see that all but one of them are suppressed by M 2 p . For the loop corrections to the scalar power spectrum, we first focus on the next to the last term involving the coupling σ since it is not suppressed by the Planck mass (later we show that ϕ(∂χ) 2 term gives a larger contribution). The corresponding interaction Hamiltonian is given by
Using (52) in (50) for O = ϕϕ with N = 2 gives the following 1-loop correction to the scalar power spectrum:
. which can be pictured as in Fig. 1 . From the mode functions of the inflaton field given in (25), the leading order contribution for superhorizon k at time t can be found as
Note that the complex function F depends on t 1 , t 2 and the external superhorizon momentum k. Eq. (54) modifies the tree level scalar power spectrum given in (32) . Similarly, the last term in (51) gives the following interaction Hamiltonian
Using (56) in (50) for O = γ ij γ kl with N = 2 gives the 1-loop correction that can be pictured as in Fig. 1 . From the superhorizon graviton mode functions in (25) , the corresponding leading order correction at superhorizon scales at time t can be found as
and q ⊥ is the part of q that is perpendicular to k, i.e. (q ⊥ ) i = P ij (k)q j . This correction modifies the tree level tensor power spectrum given in (32) . Not surprisingly, the functions F and H given above are divergent and the loop corrections must be regularized. The degree of divergence of each function can be found by noting that χ q ∼ 1/ √ q as q → ∞, i.e. the Bunch-Davies mode functions approach to the flat space counterparts at large momenta. The dimensional regularization is impossible to utilize here since the exact analytic form of the mode function χ q is not known. Another possible approach is to use the Pauli-Villars regulator fields together with the WKB approximation, as discussed in [39] . Here, we generalize the well known adiabatic regularization technique of [40, 41] to the in-in loop integrals, which becomes analogous to the WKB approximation used in [39] . A crucial point to remember is that the model at hand involves gravity and it is non-renormalizable. Therefore, one should find a natural way of fixing the finite parts of the loop integrals after infinities are subtracted. In the adiabatic renormalization prescription that we employ below, the finite loop contributions are associated with the particle creation effects and they are uniquely determined. In other words, the finite parts are switched on by the particle creation effects on the time dependent backgrounds and they vanish when the time dependence is turned off. The adiabatic renormalization prescription can be utilized as follows: One may use the WKB mode function (34) in the divergent expressions like (55) and (58), and group the terms according to the number of α q and β q coefficients that they contain. From the equations of motion (36) , it is possible to see that α q → 1 and β q → 0 as q → ∞. Indeed, one has β q ∼ e −2iqη , where η is the conformal time defined by dη = dt/a, and with the iǫ prescription necessary to define the Bunch-Davies vacuum state at η = −∞ (see e.g. [36] ), β q vanishes exponentially at large momenta. As a result, in a loop integral the term containing only α q coefficients diverges; and all others containing at least one β q factor converge. For renormalization, it is then enough to throw out this term that has only α q factors. Since β q coefficient is associated with the particle creation effects, the remaining finite loop contribution can be thought to be produced by the particles created out of vacuum. In this way, the finite part of the divergent loop correction is fixed uniquely.
In our case, β q is significant only in the finite interval given by (41) and we have q phys = O(m). Thus, for k being the cosmological scale of interest, one has k ≪ q and to a very good approximation the k dependence in (55) and in (58) can be neglected.
3 Since, we also have |α q | ≃ 1 and |β q | ≪ 1, the leading order contributions arise from the α 3 q β q terms after the α 4 q term is thrown away for regularization. Using the background solution (6) one may see that the time t k defined in (40) becomes
and phase integral defined in (35) is given by
where H i = H(t i ). Then, the leading order finite parts of F and H can be seen to involve the following integral
and n = −3/4 for F and n = 13/4 for H. From (54) and (57), one sees that t 1 > t 2 . Before estimating the integral (61), let us note the overall scale factor dependencies of our corrections. The loop integrals in (55) and (58) are restricted in the range a(t i )m/2 < q < a(t f )m/2 and thus the measure d 3 q would yield a factor a 3 . Since χ q ∝ 1/a 3/2 , we have F ∝ 1/a 3 and H ∝ a. Furthermore, we also have f ∝ 1/a 3 and g ∝ 1/a 3 , which shows that overall the number of scale factors are canceled out in the loop corrections (54) and (57), i.e. the corrections are invariant under the scaling a → λa, as they should be. As a result, the suppression of the individual χ-modes during inflation is compensated and one can safely set a(t i ) = 1 in the formulas.
The integrand in (61) is highly oscillatory but fortunately the phase is stationary in one of the integration regions. From the phase given in (62), the stationary point can be found as
In (61), the corresponding stationary point is in the integration range of the first integral and it is located outside of the second one since t 1 > t 2 . Therefore, the second integral is negligible and applying the stationary phase approximation to the first one yields
Using this formula with n = −3/4 for F and with n = 13/4 for H, one obtains
These are properly renormalized expressions, which are ready to be used in (54) and (57), respectively.
From (65)- (66) one may straightforwardly calculate the 1-loop corrections (54) and (57), which involve elementary integrals. To proceed, we observe from (27) that f and g are decreasing functions of time with certain powers and f (t 1 ) ≫ f (t) and g(t 1 ) ≫ g(t), except in a comparatively small integration region where t 1 approaches to t (note that we have t f ≫ t i ). After neglecting f (t) and g(t) terms in (54) and (57), one sees that the leading order corrections become proportional to tree level results 4 and in the following we determine their relative magnitude. Using (65)-(66) in (54) and (57), one encounters elementary integrals of the form dt sin(mt) t b , for some power b. Because in our integration domain mt ≫ 1, the amplitude t b slowly changes compared to the rapidly oscillating factor sin(mt). In that case one may use
As a result, the loop corrections become oscillating functions of time. This is not surprising, at least for the scalar power spectrum, since the tree-level amplitude is already given by an oscillating function in (32) . The magnitude of the correction depends on the sign of b. For b < 0, the oscillating integral gets its largest contribution from the first cycles and its dependence on t f becomes negligible. On the other hand, for b > 0 the correction becomes larger and larger as time increases, and the dependence on t i becomes negligible. When b = 0, the integral is oscillatory with constant amplitude. For the scalar power spectrum, using (65) in (54) and keeping the leading order term 5 gives
This corresponds to b = −1 in (67) and we see that the contribution decreases as t → t f . Consequently, the strength of the correction relative to the tree-level result is largest when t ∼ t i and it is fixed by the following dimensionless factor
where we have used (8) to express H i in terms of other parameters. For our numerical set of parameters given in (47) and (49), this factor becomes 10 −19 . On the other hand, using (66) in (57) and again keeping the leading order term yields that while (77) is suppressed by M 4 p , the factor characterizing the tensor correction (71) is suppressed by M 2 p . The first of these directly comes from the interaction Hamiltonian (72), which is used twice in the in-in formula (50), and the second factor arises from the normalization of the graviton mode function given in (24) .
One may compare these corrections to the ones arising from χ-loops during inflation. If one ignores the possible existence of infrared logarithms, the relative magnitude of the corrections during inflation are suppressed by H 2 /M 2 p , where H is the corresponding Hubble parameter, see e.g. [7] . For our numerical set of parameters H i = 10 −10 M p and thus the dimensionless number characterizing such corrections is 10 −20 , which is much smaller than the analogous contributions (71) and (77) arising in perturbative reheating.
V. CONCLUSIONS
In this paper, we calculate the entropy mode loop corrections to the scalar and the tensor power spectra during perturbative reheating. These corrections arise during the first stage of reheating, which starts just after inflation and ends when the backreaction effects become important. In that period, the homogenous and isotropic background corresponds to the coherently oscillating inflaton field, and the quantum excitations of the field perturbations can still be treated as small fluctuations, where the in-in perturbation theory can be used to treat non-linear effects arising from interactions.
The model we studied has two scalars: the inflaton φ and the reheating scalar χ. While the inflaton fluctuations correspond to the adiabatic modes, the χ-fluctuations become entropy perturbations. During reheating, χ-modes are exited by the oscillating inflaton background and we determine their contribution to the cosmological correlations via the loop effects using in-in perturbation theory. For that, we focus on the cubic interaction terms in the Lagrangian involving two χ-scalars. These interactions give rise to the 1-loop corrections to the scalar and the tensor power spectra, which can be pictured as in Fig. 1 . It turns out that the strengths of these entropy mode loop corrections depend on the various parameters of the model in a nontrivial way, see (69), (71) and (77). The main input parameters are the inflaton mass m, the cubic coupling constant σ that fixes the decay rate of the inflaton to the two χ-particles, and the initial inflaton amplitude Φ i in the beginning of reheating. The other parameters, i.e. H i , H f and Φ f , can be determined in terms of the main input variables. The loop corrections turn out be small, especially when they are compared to the preheating case [19, 20] , but they are still much larger than the analogous corrections that arise during inflation [7] .
To regularize/renormalize the divergent loop integrals, we adapt the well known adiabatic regularization technique of [40, 41] to the in-in formalism. This adiabatic renormalization scheme naturally regularizes the loops, unambiguously fixes the finite parts of the divergent integrals and offers a viable alternative to the dimensional or Pauli-Villars regularizations in cosmology. It would be interesting to develop/interpret this procedure in terms of the standard renormalization procedure by identifying the counterterms added to the action that absorb infinities. It would also be interesting to compare it with other renormalization schemes for the well studied cases like a self-interacting scalar field in de Sitter space. On the other hand, in the present model the time integrals arising in the main formula (50) become oscillatory that diminishes the magnitude of the correction. This is contrary to the preheating case studied in [19, 20] . It is of interest to find out models where the time integrals in (50) are non-oscillatory, which would presumably yield larger loop corrections.
